I. INTRODUCTION
Crystallization of amorphous materials can be achieved with different techniques such as furnace and rapid thermal annealing, 1 ion beam treatment, 2 pulsed and cw laser annealing. [3] [4] [5] Laser induced crystallization of amorphous structures reduce thermal budget and provide crystallization of predetermined patterns down to sizes only limited by diffraction of light allowing space selective writing of crystalline structures in amorphous matrices.
Many types of lasers have been used in the past to crystallize amorphous semiconductors. 3, 4 Recent advances in ultrafast lasers in the femtosecond time regime allows us to exploit solid and liquid state crystallization of amorphous semiconductors in the ultrafast regime. Unlike nanosecond or picosecond time regimes, energy deposition in the femtosecond time regime which is faster than electron-phonon interaction times can lead to excitation of electron densities beyond those required for lattice stability. It has been shown that crystalline Si, Ge, and GaAs show nonthermal melting 5, 6 in the subpicosecond time scale upon irradiation with femtosecond laser pulses while thermal melting occurs only at longer time scales. This has been confirmed with ultrafast x-ray diffraction as well as light scattering and reflection measurements. 5, 7 Thus, the energy deposited by ultrafast lasers into the semiconductor is initially stored in the electronic system. If the intensity of the laser is high enough, it may be possible to excite high density of electrons to cause dissolution of the solid up to a thickness of a few tens of nm. As the energy is transferred to the lattice with electron-phonon interaction, nonthermal melting regime ends and a hot liquid develops. Once the rate of energy deposition drops sharply, cooling process starts to take place at a rate that is determined by thermal parameters of the semiconductor lasting up to several hundred nanoseconds. 8 The rate of cooling determines the crystallinity of the material and may result in epitaxial layers with appropriate seeding as well as in microcrystals and nanocrystals. Competition between nucleation and growth rate determines grain sizes both of which depend on the background temperature. High growth rate together with low nucleation rate results in few large nanocrystals, while slow growth rate together with high nucleation rate results in many small nanocrystals. 8 The possibility of creating nanocrystals with ultrafast lasers is exciting. However, controlling the density and size distribution of the nanocrystals is a challenge. Number of pulses and fluence per pulse can change the density of the nanocrystals. Alternatively, single crystal seeds can be used to control location and the density of the nanocrystals. 9 Previous work shows that femtosecond laser irradiation of single crystal Ge wafers can create microstructures with attached nanoclusters that show strong photoluminescence (PL) in the visible region. 10 Critical combination of pulse duration and pulse energy is required to cause melting or ablation of the crystalline germanium surface with femtosecond laser irradiation. 5 Interaction of femtosecond lasers with semiconductors has recently produced interesting surface structures. In particular, laser pulses of a 130 fs incident on single crystal germanium (Ge) in SF 6 environment has resulted in ordered arrays of cones with nanospikes. 11 Thin amorphous germanium films deposited on low thermal conductivity quartz or glass has been studied during nanosecond irradiation with real time reflectivity measurements both from the front and back surfaces which show formation and evolution of a liquid melt. Both in picosecond and nanosecond time scales, increasing fluence increases the melt duration as well as the formation of a secondary melt during solidification due to the heat released upon solidification (recalescence process). 12 Buried melts 13 and in the picosecond time regime, surface initiated solidification upon complete melting of the film at high fluences have also been observed. 14 In this study, we report on the interaction of femtosecond pulses of varying pulse durations and fluences with amorphous germanium thin films. The objective of this study is the identification of structural changes that occur on the surface of amorphous Ge upon irradiation with femtosecond lasers of various durations. Optical and electron microscopy, micro Raman spectroscopy and atomic force microscopy is used to identify the origins of the structures observed.
II. EXPERIMENTAL
Plasma enhanced chemical vapor deposition was used to grow amorphous Ge (a-Ge) film on silicon wafers. Full 3 in. double side polished silicon wafers were used. Growth of a-Ge film was carried out in PlasmaLab 8510 C reactor at 350 C and the process was carried out under the pressure of 1 Torr and RF power of 12 W. Flow rate was 200 sccm for GeH 4 (%2 in He). Final thickness of the germanium layer was about 375 nm. Sample was cleaved into 1 cm by 1 cm pieces for different laser irradiation sequences.
A Ti:sapphire femtosecond pulsed laser-amplifier system (Spectra Physics Tsunami-Spitfire Pro XP) with 1 kHz repetition rate and 800 nm wavelength was used for the experiments. The energy per pulse for the experiments was adjusted to 30 lJ. Pulse duration of the system was changed to 40, 80, 120, and 160 fs via compressor delay in the amplifier. A three-axis computer controlled motorized translational stage was used to illuminate different positions on the samples as well as to alter the fluences at the illuminated spots. The sample was mounted on the motorized stage and placed at the focal point of the laser. Fluence in mJ/cm 2 was adjusted by moving the sample away from the focal point of the lens. Translational stage was programmed such that after each line scan, motorized stage moves one step away from the optimum focal point along the optical axis to change the spot size of the focused laser beam and one step vertically to start a new line scan on a fresh a-Ge surface. This method creates irradiated spots with different fluences. The spot sizes of the laser at position of the sample were measured by using a razor blade technique with an accuracy of 6 5 lm. 15 The minimum laser spot size on the sample was 30 lm. We check the beam profile with a beam spot analyzer before we use the beam and find it to be Gaussian. The beam size on the 1 inch lens is not more than 3 mm in diameter reducing spatial inhomogenities. The overall error in the measured energy density is less than 1%. Scan step sizes of 0.50 and 0.25 mm were used in backwards and forwards directions, respectively and the horizontal scan speed was 400 mm/s. Movement of the translational stage created 30 different irradiation lines containing separate laser treated spots in amorphous germanium which were irradiated with fluences ranging from 18 to 2000 mJ/cm 2 . Each line contains 25 identical laser spots which are irradiated with the same fluence of the laser with center to center seperation of 400 lm. Although only one spot is enough for measurements, many spots give us a chance to check homogeneity of the laser beam from one spot to another. All laser treatments have been done under ambient temperature and pressure. Laser irradiated samples were analyzed with optical microscope, scanning electron microscopy (SEM), atomic force microscopy (AFM), and Raman scattering.
III. RESULTS AND DISCUSSION
For irradiated spots with fluences lower than 26 mJ/cm 2 , no sign of morphological change under inspection with optical or scanning electron microscopy (SEM) and atomic force microscopy (AFM) or of crystallization by Raman scattering was observed. As the fluence is increased beyond 26 mJ/ cm 2 , samples start to show changes on the surface of amorphous Ge that lead to the growth of a circular spot which finally evolves into a well defined crater, visible by optical microscope, SEM, and AFM. Morphological changes upon laser irradiation as observed with SEM is summarized in Fig. 1 . At laser fluence of 140 mJ/cm 2 with 40 fs pulse duration, surface roughness accompanied by spherical nanoparticles is observed, Fig. 1(a) . A circular spot with weak contrast is also observed under optical microscope for this sample. As the laser fluence is increased, surface roughness further increases covering a larger area. At 340 mJ/cm 2 , a clear sign of damage is visible featuring a large oval spot on the order of 20 lm in diameter, Fig. 1(b) . At the very highest laser fluence of 2000 mJ/cm 2 used in this study, an oval spot accompanied with an oval track encircling the central spot is observed, Fig. 1(c) . In all cases, nanoparticles ranging in size from a few tens of nanometers (nm) to several hundred nm accompany the spots. SEM observations suggest that as laser fluence is increased beyond required for melting and higher amounts of energy is deposited in the samples superheated liquids are generated that solidify into droplets of a few micrometers in size, reminiscent of splashing liquids, Fig. 1(c) .
To overcome the limited information obtained from SEM observations, we also studied the same samples with AFM. AFM provides topographic information in three dimensions as well as allowing for measurement of sizes and length scales in all three dimensions. We also used surface profile measurements to confirm the threshold for ablation. The lowest fluence where there is nanosphere formation on the irradiated surface occurs is 110 mJ/cm 2 and the lowest fluence where ablation occurs is 210 mJ/cm 2 . The surface structures that form at 140 mJ/cm 2 , are shown in Fig. 2(a) . Spherical nanoparticles ranging in size from 50 to 150 nm are clear evidence of melting followed by rapid solidification. Increasing the laser fluence increases the area over which these nanoparticles are formed as well as increasing the average size and density of spherical nanoparticles. The ablation from the surface is clearly observed on the sample that is irradiated with 340 mJ/cm 2 , Fig. 2(b) . The crater and the associated nanoparticles are visible under optical microscope as a dark spot in the middle of a larger circular area. AFM shows a well delineated circular crater with material piled up at the edges of the crater, Fig. 2(b) . The pileup 
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suggests that the temperature of the liquid has risen above the melting point of a-Ge. Increasing the laser fluence further increases the ablated area and makes it deeper, Fig. 2(c) . At the highest laser fluence, the crater displays several ridges, suggestive of highly perturbed melt and solidification. Line profile of the AFM data gives valuable information on the size and distribution of the nanoparticles observed on the samples. Two such line scans are shown for samples irradiated with 140 and 340 mJ/cm 2 , Fig. 3 . Nanoparticles with dimensions of few tens of nm are easily discernible in Fig.  3(a) . At higher fluences, the ablation of the laser spot leaves behind a shallow crater, Fig. 3(b) . We find that the depth of the crater for laser fluence of 340 mJ/cm 2 is approximately 100 nm.
In order to complement the topographic information supplied by SEM and AFM observations and understand the composition and crystallinity of the irradiated surfaces, we performed Raman scattering experiments. Raman spectroscopy provides one of the best ways of probing crystallization properties of the laser modified surface. We used a Horiba LabRAM HR microRaman spectrometer to observe the Raman signal using the 532.1 nm laser line, with a spot size of 4-5 lm. Figure 4 shows Raman spectra of several irradiated spots irradiated with fluence of 140, 340, and 2000 mJ/ cm 2 . In contrast with as grown a-Ge where only a broad peak below 300 cm À1 is observed representative of the phonon density of states, laser irradiated surfaces show strong peaks at around 300 cm
À1
, indicative of crystallization of Ge for all laser fluences. In the case of the sample with the highest irradiation dose of 2000 mJ/cm 2 , there are additional features in the Raman spectrum. These consist of a peak at 401 cm À1 due to SiGe, a broad peak at 469 cm À1 due to stretching modes of Si-Si bonds and a sharp peak at 520 cm À1 due to the substrate. 16 These peaks clearly indicate that the melt front has reached the substrate forming alloys of Ge with Si 2 . Spectra at lower laser fluences display a peak at around 300 cm À1 , indicative of the Ge optic phonon while the spectrum at the largest fluence shows marked evidence of SiGe alloy formation with line near 401 cm À1 . The inset compares the line widths of the Ge optic phonon lines for all three irradiated spots.
substrate. As the laser pulse is absorbed in amorphous Ge, a melt forms in the subpicosecond time regime reaching down to the substrate and melting the substrate. AFM images of the solidified surface suggests that a highly perturbed melt possibly under the influence of hydrodynamic effects undergoes rapid solidification.
It is interesting to study the Raman shift and the linewidth of the Ge optic phonon line when the laser fluence is increased, Fig. 4 . Linewidths larger than bulk values may be due to several factors including formation of defects during solidification, large variation in nanocrystal sizes and phonon confinement in nanocrystals. 17 The Ge optic phonon line redshifts down to 294.5 cm À1 , broadens to 11 cm À1 and becomes assymmetric for the sample irradiated with the highest laser fluence at 2000 mJ/cm 2 , indicating large size distribution with a significant percentage of fine sized nanocrystals. The associated tensile stress increases upon solidification after irradiation with high fluence of 2000 mJ/cm 2 as suggested by a redshift of approximately 6 cm À1 from the bulk Ge phonon line. Using the approach of Fang et al., 18 we estimate the tensile stress as 1.45%.
In order to determine the crystallization threshold and observe the Raman peak with the smallest linewidth, systematic study of all samples was carried out and samples were irradiated with a large number of fluences. Figure 5 shows Raman spectra from a laser irradiated spot with 97 mJ/cm . As expected, a-Ge displays a weak and broad Raman peak reflective of the germanium density of states. As fluence of the laser beam increases, spectra display typical Ge-Ge optic phonon line close to 300 cm À1 . A broad but localized peak centered around 297.0 cm À1 appears at the lowest fluence of 30 mJ/cm 2 used in this study. As the annealing laser energy density increases, the linewidth decreases and the peaks shift toward the bulk Ge value for the optic phonon reaching 298.0 cm À1 at 97 mJ/ cm 2 . However, even when the smallest linewidth is reached and the symmetry of the line is restored, there still remains a small amount of redshift (2.6 cm À1 ) of the Raman line when compared with the bulk value. This is indicative of tensile stress experienced by the crystallized zone by the surrounding amorphous matrix 18 and has been estimated to be 0.60%. Figure 6 shows the full width at half maximum (FWHM) of the Ge-Ge optic phonon line for the 40, 80, 120, and 160 fs pulse durations. We did not observe crystallization for laser energy densities below 26 mJ/cm 2 as determined by Raman scattering. As the laser energy density increases, the FWHM of the Ge optic phonon line decreases reaching a minimum at 100 mJ/cm 2 . We note that this behavior is the same for all pulse durations. For laser fluences higher than 100 mJ/cm 2 , the FWHM of the Ge-Ge mode increases. After 110 mJ/cm 2 nanoparticles appear on the surface of the germanium layer. SEM images in the inset of Fig.  6 show the surface morphology for the particular fluence. Size of the nanoparticles range between 20 to 80 nm. These nanostructures are created upon rapid cooling and solidification of the germanium layer. While the size of nanospheres can be considered keeping in mind that optical penetration of the irradiation laser (@800 nm) in amorphous Ge is about 100 nm, nonlinear thermal processes as well as the possible modification of optical penetration depth during irradiation needs to be taken into account for a complete picture, which is beyond the scope of this article. High fluences cause higher temperatures at the irradiated surface and lower cooling rates. 19 The second inset shows a SEM image of laser irradiated spot with 210 mJ/cm 2 fluence where ablation of the germanium layer starts.
The linewidth and shift of the Raman frequency depends on several factors such as crystal size and defects, finite size effects, 20, 21 as well as stress. It is well known that tensile stress results in Stokes frequency to redshift, while compressive stress leads to blueshift. 20 Group IV semiconductors such as Si and Ge broaden their Stokes linewidth and shift toward shorter wavenumbers when the crystal sizes become smaller than 5 nm. 21 Since it is well known that finite size effects cause broader Raman line widths, increase in the Raman linewidth beyond 100 mJ/cm 2 , may be due to the formation of smaller nanocrystals upon solidification. 21 Alternatively, high defect densities in the crystallized Ge may cause broader linewidth in Raman spectra. 22 A TEM study on femtosecond laser ablation of amorphous silicon by Rogers et al. showed that ablation leaves behind defective crystalline material. 23 Under our experimental conditions of 800 nm laser wavelength, 1 kHz pulse rate and 400 mm/s scan speed of the translational stage, the best crystallization with the narrowest Raman linewidth occurred at laser fluence of 100 mJ/cm 2 . We have repeated this experiment for different pulse durations of 40, 80, 120, and 160 fs; we did not observe significant differences in the Raman linewidth when the pulse durations were varied except at very low fluences. It seems that about 10 mJ/cm 2 less energy is required for crystallization to start for long pulse durations (120 and 160 fs) than at shorter pulses. At very low laser fluences, longer pulse durations possibly provide slower melting with lower melt temperatures with less perturbation and longer melt durations that leads to crystallization with lower defect densities. Figure 7 shows the FWHM of the Raman signal along the irradiated spot and a SEM image of the same spot superimposed. The dashed line shows the Raman measurement direction. Both of them have the same scale in the measurement direction. Using a translational stage, the sample was moved along the measurement direction and Raman signal has been recorded to compare the crystallization quality along the laser irradiated spot. The FWHM of the GE optic phonon line obtained for each spot shows that inside the irradiated spot there is good crystallization but immediately outside the irradiated spot there is no crystallization. The FWHM of the Raman peak stays almost constant over the irradiated spot, suggesting uniform crystallization. We estimate that a transition takes place within a few lm. Considering the total diameter of the irradiated spot, the relative magnitude of the transition region is negligible. This transition makes femtosecond laser irradiation a very usable tool to create space selected annealing. There is very little lateral penetration of the laser deposited energy. Once amorphous Ge melts, the melt front rapidly moves forward, faster than lateral heat flow, limited by low thermal conductivity of amorphous Ge. This is a sign that small spots with high aspect ratio can be crystallized in amorphous Ge suitable for many applications such as the introduction of nanocrystals and microcrystals in amorphous solar cells in order to tailor the absorption spectrum of the solar cell. While it is true that most of the energy is deposited within the optical penetration depth, it is also clear that thermal energy diffuses beyond this thickness. Furthermore, should the layer melt (nonthermal or thermal) during the pulse, optical penetration depth may be significantly modified.
IV. CONCLUSION
In conclusion, we have investigated the effect of femtosecond laser irradiation on the solidification of amorphous Ge films. Laser pulses with pulse durations of 40, 80, 120, and 160 fs with various fluences were used for the irradiations. We observe a very intense Ge-Ge Raman peak around 300 cm À1 which is an excellent indication of the crystallization. Thus, we have observed crystallization for all pulse durations and for fluences greater than 26 mJ/cm 2 . Analysis of the Ge-Ge optic phonon mode width suggest that for the same fluence longer pulses lead to narrower linewidths which may be due to slower cooling rates. When laser fluence increases beyond 50 mJ/cm 2 , different pulse durations do not change the Raman spectra. We did not observe crystallization below laser fluence of 26 mJ/cm 2 . Narrowest linewith occurred at 100 mJ/cm 2 indicating that this is the laser fluence where best crystallization with least number of defects occur. For fluences higher than 100 mJ/cm 2 , Raman peak position moves toward shorter wavenumbers and broadens. Laser pulses created very well defined irradiation marks on the amorphous germanium surfaces visible by optical microscopes for all fluences mentioned in this study. Inside the irradiated spots, in contrast with the observed GeGe Raman peak inside the irradiated spots, no Ge-Ge optic phonon line was observed immediately outside of the irradiated spot. This shows that there is very little lateral 
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penetration of the laser deposited energy. We showed that femtosecond laser crystallization is an efficient and controlled method to crystallize amorphous germanium and it can be used to create a variety of nanostructures including nanospheres.
